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Electrofreezing of water in molecular dynamics simulation accelerated by oscillatory shear
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We present a study of the effect of oscillatory shear on the crystallization of supercooled water in nonequi-
librium molecular dynamics simulations of simple water modélbe TIP4P model has been used throughout;
calculations using the extended simple point cha§leC/B model were checked for consistency and gave
qualitatively the same resultsThe application of a planar Couette flow field alone did not result in crystalli-
zation but in combination with a static electric field different isomorphs of ice emerged depending on the state
of the system. At high pressures+{3% kbay the oscillatory shear substantially speeded up the formation of the
conjectured ice polymorpfice XIlI). At ambient pressures lower density systems could be forced to order in
situations where hitherto the application of the electric field alone has not resulted in ordering. These results
suggest that this method will be very useful in exploration of the fluid-solid boundaries of the phase diagram
of models for water[S1063-651X97)51212-§

PACS numbse(s): 61.25.Em, 61.20.Ja, 64.60.Qb, 64.70.Dv

Water is of abiding scientific interest since it is nature’squite a slow transformation when compared to the formation
most important solvent in biological and chemical processef cubic ice | at lower pressure but higher temperature in
yet the origins of its remarkable properties are far from un-2bout 200 picosecond®s) [4,5]. The applied electric field
derstood. The availability of powerful computers and simple~0-5 V/A is very strong, but is comparable to that experi-

but accurate models for water make it increasingly feasibl@nced by water molecules within molecular distances of the
to perform molecular simulation of liquid water over times- Surfaces of biopolymerg9] and within the cracks of amino

cales that are large relative to its intrinsic translational an@m_?_hcrystals_[lIO]i i the formation of th als is th
rotational relaxation times. Such long simulations are neces- € crucial step In Ihe formation of these crysta's Is the

. . i omplete breakup of liquid water's hydrogen bonding net-
sary if one wishes to study °°.”.‘p'ex many-body phenomen%ork_ In the electrofreezing process simulated by Svishchev
in water, such as phase transitions.

Because of their application to biological systems and t and Kusalik, the sample will be completely polarized when

) . " 4 . %he original hydrogen-bonded network is distorted and/or
chemistry at ambient conditions, essentially all intermolecuy, . o1en up sufficiently for the molecules to align with the

lar potential models for wat¢such as the TIP4PL]and the  5njied field. We began the work reported herein by hypoth-
extended simple point charg&PC/B [2] models, which  gsizing that another form of external field may be able to
were used in the study reported in this pgpeave been preak up the hydrogen-bonded network. The action of the
developed by fitting to experimental data at or around rooffield should result in perturbation of the molecular positions
temperatures. The models are thus very successful in reprgnd possible reorientation of the hydrogen bonds to facilitate
ducing many water properties at ambient conditions but havghe molecules exploring phase space and locating the mini-
only recently been applied at significantly lowg8—6] or  mum energy configuration associated with the solid state.
highgr[?,s] temperatures. The first direct simulation of the gxperimentally, for example, it is knowd 1] that the appli-
freezing of a bulk sample of wateor, for that matterany  cation of ultrasound on supercooled water samples can speed
molecular fluid$ was reported recently by Svishchev andyp the phase transition. In partial analogy to this, the sim-
Kusalik [4,5]. These authors demonstrated that the applicapjest physically realizable external field to impose in a mo-
tion of a static electric field to supercooled TIP4P waterigcylar dynamics simulation is an oscillatory planar Couette

samples transformed the water to crystals. Because of t ; S
applied field, highly polarized cubic ice (I.) was formed hf?ow with shear ratesy, ‘90.“/5'8 (e.fe{xy.z} and a

instead of the most common hexagonal icél ). Shortly 7 8) Varying from =y, 10 a0 given by
thereafter, the same authors found a previously unknown s Y5 COS 1) )
polymorph of ice(which they denoted ice Xllusing the Yap™ Yap o '
same electrofreezing proce@<., applying a static homoge- However, we found that oscillatory shear alone could not
neous electric field to a supercooled liguith this case, the induce crystallization from supercooled TIP4P water
supercooled TIP4P water samples were in the temperatugamples. We concluded that this is due to the inability of
range 225-240 K and under pressures o3 kbar in mo-  oscillatory shear to significantly affect the orientation of in-
lecular dynamics simulatiori$]. This open quartzlike struc- dividual molecules, an important factor in the difference be-
ture was formed after about 1 ns, which can be regarded agseen freezing phenomena in atomic and molecular liquids.
In the following we describe the combined effect of an os-
cillatory shear in combination with a static electric field on
*Author to whom correspondence should be addressed. supercooled TIP4P water in molecular dynamics simulations.

1063-651X/97/566)/62794)/$10.00 56 R6279 © 1997 The American Physical Society



RAPID COMMUNICATIONS

R6280 ISTVAN BORZSAK AND PETER T. CUMMINGS 56
-425 I I I I I I I 4 T p T T T T
. . ?‘X ,0= 00 — ;\: start -
43 I ny‘o=sz,u=sz,o=}-8 """ 7 35 ! no sﬂear 600ps — ]|
A O A f: shear 600ps ----
435 il Tyl 0001 = 3r .
g “ _ 4 _ | 25 -
2 G %d? 2 F i
VY . 15l ]
45 F "‘.\\v‘ - 1 4
455 S A e b | 05 g -
0 200 400 600 800 1000 1200 1400 1600 0 1 1 1 1 1

FIG. 1. The configurational energyn kJ/mo) plotted against r(A)
time (in ps) for the electrofreezing process. The smooth dotted lines
are the exponential fits described in the text. The full, long-dashed, F|G. 3. The oxygen-oxygen pair correlation functiggo(r) as
small-dashed, and broken lines represent data from runs with function of the O-O distance (in A) for several samples. The
Yap,0=0.0, Yapg0=1.0, ¥xy,0=1.0, andy,z c=0.001, respectively.  gon(r) of the sample just before turning on the electric figldtted
line) is shown along with that of the sample after 600 ps of elec-
ofreezing with(dashed ling or without (full line) applying oscil-

Together, oscillatory shear and electrofreezing proved to b
latory shear. =1.17 g/cni, T=230 K)

much more effective than electrofreezing alone.

In our simulations we used 256 particles in a cubic cell
with the usual periodic boundary conditions. To imposekept constant by using a Gaussian thermdsitaj. The con-
shear, the Sllod algorithmil2] (so named because of its stant electric field was applied in tizeaxis direction in the
close relationship to the Dolls tensor algorithimas been laboratory frame.
used along with the Lees-Edwards periodic boundary condi- We begin by considering the formation of the new high
tions. The TIP4P rigid water model has been used for thelensity crystal, ice XI[6]. In our constant volume simula-
interactions(for a description of the model, see in RET)). tions we set the density to 1.17 g/&rThe preparation of the
Calculations with the SPC/E water model yielded qualita-supercooled samples was as follows: We began with a liquid
tively the same results and will be discussed in detail elseconfiguration that was equilibrated for 300 ps at 298 K, then
where [13]. The long range electrostatic interactions werecooled to 230 K and equilibrated for another 300 ps.
handled by using the reaction field methiddl]. The equa- In Fig. 1 we plotted the configurational energy vs time of
tions of motion were integrated by a fourth-order Gearfour different simulation runs. The longest curve is for the
predictor-corrector method with a timestep of 0.001 ps. Theelectrofreezing without any applied shear. After about 1000
motion of the molecular sites was implemented using theds the ice XII crystal forms(The unit cell is described in
Evans-Murad quaternion algorithit5] and the temperature Ref.[6]; a snapshot of the simulation box is shown in Fig. 2.
It contains defects, so turning the field off would result in
melting of the crystal. Defects can be eliminat@hd the

,i'l % m Vi \‘K crystal conservedby cooling down even furthef4]. Two
N X other curves attain a lower energymeaning less defects in
v v Yoo A the crystal in substantially less time; we will return to these
VR W v X \@ curves shortly. First, however, we consider the fourth curve
N (small dashed line in the figurgvhich is barely visible, since
Y.} %57 & \é“ N(:f y ~ it closely follows the first curve but terminates at an earlier
f[\ W W ;V ‘;i ¥ V time. In this run, the oscillatory shear i')s(yyozl.o in re-

Ve duced unitgcorresponding to & 10'* Hz in real unit3 and
W W t(é/ \:?'Z)/ \ it is applied without interruption for the first 200 ps of the

Nz \ég/ \y‘/ N, 7 BNV run, and always in the direction of the laboratory coordi-
nates. After 200 ps, shearing was turned off, with the electric
field remaining on. The reason for this is that once the crystal

\ Vg is formed, it can be broken up by the constant motion due to
the applied shear. Thus the application of shear should be

“\Qf,/ W N XY N thought of as providing a “kick” for the system to converge

§$/ A N \W to the energetically favorable crystal state, and hence should

<L % ’ be applied for a limited time. However, the figure clearly
FIG. 2. Snapshot of the molecules in thez plane after 200 ps  Shows that this method does not improve the crystal forma-
of combined shearing and electrofreezing followed by electrofreeztion. In subsequent simulations, we applied a more elaborate
ing alone for 200 ps, with an applied maximum shear rate of unitymethod in that we permitted the system to relax for a period
and electric field 0.5 V/A. The direction of the homogeneous elecfift(_ar egch shearing penod_, and appllgd the .Shear iy doed
tric field (laboratoryz axis) is vertical in the plot. p=1.17 g/cni,  z directions as well. Specifically, the simulation proceeded as
T=230 K) follows: The electric field was turned dim the z axis direc-
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TABLE I Parameters of the  exponential fit v d b : - v
[y=—45.5+ Aexp(~t/7)] to the configurational energyn kJ/mo) & N N o
vs time(in p9 curves in Fig. 1 along with the regression constant, / N " ¥ A v
R. The characteristic timén ps) for the formation of the crystal is v _k/ ¥ I
7, while -%m,o refers to the maximum shear raie reduced units Ko v ~z V g
used in the particular simulation. }«v~ NN IR 3 9 ¥
. v O Ny Y e o
Yap.0 A T R A\ My NP K W
’ \ 4 \/{/ N J/ ! v !
0.0 1.790 1222 0.890 Sy Nl \/\y
0.001 2.370 233 0.948 Y Yy \{5“ 4
1.0 1.327 136 0.955 o i
T ey
. . . : . AV v { J
tion) and remained on throughout the simulation. The oscil- Y % X
latory shear was turned on for only 1 psorresponding to N -A<_ n \“O"’ \ \/W

one period of oscillation of the shear, sinean Eq. (1) was
set to 27 ps 1] in the x direction, then turned off for 3 ps for

FIG. 4. Snapshot of the molecules viewed at (&0 plane

the system to relax, followed by another 1 ps of shearing irafter 200 ps of combined shearing and electrofreezing followed by
the y direction followed ly a 3 psrelaxation, then 1 ps of electrofreezing alone for 400 ps, with an applied maximum shear

shearing in the direction followed ly a 3 psrelaxation. This

rate of unity and electric field 0.5 V/A. The direction of the homo-

process was repeated throughout the first 200 ps of the simgeneous electric fieldlaboratory z axis) is vertical in the plot.
lation. After 200 ps, shear was no longer applied to the systp=0.92 g/cni, T=250 K)

tem. Results for;;/aﬁ,ozl.o and 0.001 are included in Fig. 1.
Clearly, the application of oscillatory shear significantly

Ooo(r) of our sample at the beginning, in the middle, and at

enhances the relaxation towards the crystalline state. TB'€ €nd of the electrofreezing process. The last curve shows

quantify this enhancement, the configurational enéngykJ/
mol) vs time (in p9 curves were fitted to the equation

almost perfect crystalline order.
The electrofreezing of water samples at ambient pressures

y=—45.5+ Aexp(~t/7) and the fits are shown with smooth yields cubic ice | crystals with few defects in a reasonable

dotted curves in Fig. 1. The parametérsaand 7 along with
the regression constaRtare listed in Table I. It is clear that t
the time needed for the crystallization is reduced by an orde?
of magnitude through the use of oscillatory shear combine
with the electric field. It should also be noted that the gain in
speed is still fivefold with the application of a shear rate of
10 2 in reduced units, which in the realm of nonequilibrium
molecular dynamics simulations is very sm@lé., inducing

a response comparable to the thermal noise level in the sim
lation) [12].

A snapshot of the resulting configuration can be seen in
Fig. 2. For clarity, only the O—H bonds are drawn. Note that
the crystal is fully proton-ordered. The polarization rate, de-
fined as the average of the dot products of the bond bisectors
with the field, is roughly 97%. First, it should be noted that
the cubic simulation cell is not commensurate with the con-
jectured ice XIlI lattice in Ref[6]. This means that a perfect
lattice cannot be expected in our simulations. The character-
istic features of the ice Xll lattice can be identified in the
picture. However, the unit cell itself cannot be found, since a
structure very similar to ice Xl commensurate with the cu-
bic cell has emerged. For this reason, conventional applica-
tion of the translational order parameter of the ice XII lattice
[6] does not serve as an indicator of the phase transition. The
guantities that best indicate the ordering are the configura-
tional energy(see Fig. 1, the instantaneous hydrostatic pres-
sure and the oxygen-oxygen pair correlation function
Ooo(r). This signature of crystalline packing, alternating

amount of simulation time~+ 200 ps. However, at tempera-
ures below 250 K, and for densities below a certain thresh-
Id density(0.94 g/crd), simulations have failed to observe
rystallization [5]. We performed exploratory simulations
elow these limits to see how our method performs in these
cases. We report the results of two simulations: In the first
casep=0.92 g/cni andTs.=250 K, T being the tempera-
ture to which the sample had been supercooled. A snapshot
L?—f the simulation cell viewed from th@ 10) direction can be
seen in Fig. 4. The structure of the cubic ice can be clearly

FIG. 5. Snapshot of the molecules viewed at (&0 plane

hexagon§ and rhombuses. in th}? prqjectiqns parallel with thgfter 1 ns of combined shearing and electrofreezing followed by
electric field, can also be identified in a simulation of waterelectrofreezing alone for 500 ps, with an applied maximum shear

between charged Pt surfacgkb]. The structure is slightly

rate of unity and electric field 0.5 V/A. The direction of the homo-

different there as well, which can be regarded as a consegeneous electric fieldlaboratory z axis) is vertical in the plot.
guence of small simulation cells. In Fig. 3 we plotted the(p=0.95 g/cni, T=230 K)
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identified because of the clearly visible hexagonal channeland, as in the lower density cases discussed above, bring the

specific to this ice isomorph. In the second césig. 5), the  time for crystallization into a time frame reachable by simu-

density was 0.95 g/cfrand T4.=230 K. Again, the emerg- Iation. It should be noted that the glas@nd thus noner-

ing cubic ice structure is evident. godic nature of the supercooled initial samples can in itself
The above results show that applied oscillatory shear wagesult in substantial fluctuations in the crystallization speed,

highly successful in concert with an applied electric field inwith the consequence that different starting configurations

breaking down the supercooled liquid's hydrogen-bondectan yield different accelerations due to oscillatory shear. We
network and rearranging the molecules so that the stable 51 currently exploring this question.

larized crystalline phase is produced. In the light of these

findings, the simple step of adding oscillatory shéahich Useful discussions with Dr. A. A. Chialvo and Dr. P. G.

comes at essentially no cost computationadlyould be con- Kusalik are gratefully acknowledged. 1.B. wishes to thank
sidered a very useful tool in the simulation of freezing, sincethe Szehenyi Gsztmdjj Alapitvany and the Soros Founda-

it can result in an order of magnitude faster crystallizationtion for their support.
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